Subspecies of
Introduction
African trypanosomiasis is caused by several subspecies of the extracellular hemoflagellate Trypanosoma brucei. T. brucei parasites are transmitted by the tsetse fly, and after the initial skin infection, the parasites spread via the lymph and blood circulation within the host. The disease has been divided into an early hemolymphatic stage, in which the parasites are confined to the blood and lymph, and a late encephalitic stage, in which T. brucei and/or increased numbers of lymphocytes are found in the cerebrospinal fluid (reviewed in ref. 1) . Human African trypanosomiasis, or sleeping sickness, caused by T. brucei rhodesiense has a time course lasting weeks to months, while the disease caused by T. brucei gambiense is more protracted. Both forms of the disease give rise to white matter encephalitis (leukencephalitis) and are fatal if left untreated. Arsenic compounds, which penetrate the blood-brain barrier (BBB) and can have severe and often fatal side effects, are still the drugs of choice for treatment of the encephalitic stage of the disease.
Investigating the mechanisms by which parasites penetrate the cerebral blood vessels and enter the brain parenchyma is, therefore, of fundamental importance for understanding the neuropathogenesis of African trypanosomiasis and for developing new treatment strategies. In experimental animals infected with the rodent pathogenic strain T. brucei brucei, parasites appear early during infection in the choroid plexus and other circumventricular organs (2) that lack a BBB. At later stages, the parasites penetrate the BBB and enter the brain parenchyma, as revealed by double immunohistochemical labeling of parasites and brain endothelial cells in a rat model of the chronic disease (3) . A larger number of parasites appear in the white matter and in the septal nuclei rather than in the cerebral neocortex.
Central nervous system vessels constitute a barrier to inflammatory cell infiltration, owing to both their integrated dynamic structure that comprises endothelial cells and astrocytes (4) and to their basement membranes (5) . Two basement membranes can be identified in association with blood vessels in the brain: an endothelial basement membrane and a parenchymal basement membrane. The latter is produced principally by astrocytes and deposited at their endfeet, which delineate the border of the brain parenchyma (5) . The major functional component of all basement membranes is the laminin family of glycoproteins, all members of which are heterotrimers composed of an α, β, and γ chain. To date, 5α, 4β, and 3γ have been described; the laminin α chains carry the cell-binding domains and therefore represent the functionally active portion of each laminin (6) (7) (8) . It has recently been shown in a murine experimental autoimmune encephalomyelitis (EAE) model that CNS endothelial basement membranes contain laminin α4 and laminin α5 chains, and that T cell transmigration occurs only at sites where laminin α4, but no laminin α5, chains exist (5) . This suggests that laminin α4 is permissive for leukocyte transmigration, and that laminin α5 is inhibitory. These data also indicate that both the endothelial cell layer and its underlying basement membrane, and in particular the laminin isoforms contained within this basement membrane, play decisive roles in defining sites of leukocyte infiltration into the brain. The expression of the endothelial laminins is influenced by proinflammatory cytokines (5), such as IFN-γ, IL-12, and TNF-α, which also regulate invasion of inflammatory cells into the brain parenchyma by modulating the expression of cellular adhesion molecules on endothelial cells or molecules involved in tight junction function, and by inducing chemokine release from cells in the brain (reviewed in refs. [9] [10] [11] .
IFN-γ is secreted by both the innate and the adaptive immune cells and when stimulated by IL-12 and IL-18 is essential for control of intracellular pathogens (12) . Besides regulating expression of laminin isoforms, IFN-γ induces different microbicidal effector mechanisms, enhances the expression of adhesion molecules and chemokines, and stimulates antigen presentation (12) . IFN-γ can also regulate the level of expression of other cytokines, such as IL-12, or cytokine receptors such as IL-12/IL-23 Rβ2 (13) and IL-18Rα (13) (14) (15) (16) . Cumulative studies have revealed that both the B cell-mediated antibody responses and the Th1 cell responses leading to the production of IFN-γ are required for maximum systemic host resistance to trypanosomes in mice, with IFN-γ acting to induce macrophage trypanolytic and trypanostatic activities (17, 18) . Paradoxically, IFN-γ has been associated with enhanced susceptibility to T. brucei brucei and T. congolense infections, as it reportedly mediates immunosuppression (19) (20) (21) and increases T. brucei brucei proliferation (22) .
Parasites infiltrating the brain parenchyma are likely to encounter the same cellular barriers and basement membranes encountered by leukocytes in an inflammation. That is, they first encounter the barrier consisting of the endothelium and its basement membrane, and then the parenchymal basement membrane and the associated astrocyte endfeet (5). Furthermore, T. brucei brucei infections are associated with B and T cell infiltrations. We have, therefore, investigated T. brucei brucei infiltration into the brain parenchyma with respect to the endothelial basement membrane laminins. We found that the presence of laminin α4, but not laminin α5, in the endothelial basement membrane is associated with T. brucei brucei passage through this membrane and that IFN-γ facilitates transmigration of T. brucei brucei across the parenchymal basement membrane into the brain parenchyma. Specifically, passage of T. brucei brucei into the brain across the parenchymal basement membrane was impeded in the absence of IFN-γ or mature B and T lymphocytes.
Results
In a first set of experiments, we compared parasitemia levels in IFN-γ -/-, IFN-γ receptor -/-(IFN-γR -/-), recombinant activating gene-1 -/-(RAG-1 -/-), and IL-12p40 -/-mice with those in WT mice. Increased parasitemia was recorded in IFN-γ -/-, IFN-γR -/-, and RAG-1 -/-mice, but not in IL-12p40 -/-mice ( Figure 1A ).
Next we compared the distribution of T. brucei brucei in relation to vessels in brains from infected WT, IFN-γ -/-, and IFN-γR -/-mice. To assess whether parasites were located within blood vessels or in the brain parenchyma, we used double immunolabeling with antibodies to T. brucei brucei and glucose transporter-1 (GLUT-1), a marker for endothelial cells. Penetration of parasites into the stroma of the choroid plexus and circumventricular organs was observed 6 days postinfection (p.i.) in all groups of mice. Parasites were confined to the lumens of intracerebral vessels at this time point. Starting at day 13 p.i., the fraction of total parasites observed in the brain parenchyma versus that in the vessel lumens increased with time in WT mice ( Figures 1B and 2A) . Parasites penetrated more readily into the parenchyma of the white matter and septal nuclei than they did into the cerebral cortex. There was no obvious gradient of parasite density from the ventricles, which contained the heavily parasite-infiltrated choroid plexus, to the parenchyma. Surprisingly, in IFN-γ -/-mice, the majority of parasites were still located intravascularly at 20 days p.i. (Figure 2B) . Moreover, in IFN-γ -/-but not WT mice, we observed clusters of parasites around several cerebral blood vessels in the septal nuclei, hippocampi, and paraventricular thalamic nuclei. These blood vessels appeared to be postcapillary venules (Figure 2C ). Perivascular aggregates of trypanosomes were not evident in the white matter, where the parasites were observed mainly inside the vessels. IFN-γ-R -/-mice also showed reduced T. brucei brucei penetration into the brain parenchyma, as well as marked perivascular cuffing of parasites, confirming a role for IFN-γ in cerebral dissemination of the parasite ( Figure 2D ).
We then studied the influence of IL-12, a major inducer of IFN-γ, on parasite migration into the brain parenchyma. At 13 and 20 days p.i., most parasites in brains from IL-12p40 -/-mice were found to be intravascular (see Figure 1B ). By 29 days p.i., sporadic clustering of parasites around vessels was detected in IL-12p40 -/-mice, and the passage of parasites into the parenchyma was significantly reduced.
To study the precise localization of the perivascular aggregates of T. brucei brucei parasites, brain sections from IFN-γ -/-mice were double-stained with antibodies for T. brucei brucei and for different isoforms of the laminin family of proteins. Immunostaining for the laminin β1 and γ1 chains, present in both endothelial and parenchymal basement membranes (5), showed that the parasites accumulated in the perivascular space between these two basement membranes (Figures 3 and 4A) . The perivascular cuffing of trypanosomes occurred around vessels that were positively stained for the endothelial basement membrane component laminin α4, but had little or no staining for the laminin α5 chain (Figure 4 , B-D). The outer border of the parasite cuffing contained the laminin α1 chain ( Figure 4E ), which is characteristic of the parenchymal basement membrane (5). To investigate whether there were any differences in the endothelial basement membranes of IFN-γ -/-and WT mice, we stained sections from uninfected and infected mice for laminin α4 and α5 chains. A robust staining in endothelial basement membranes for both laminin chains was observed in whole-brain sections at the level of the lateral ventricles, and there was no apparent difference in the proportion of positively stained blood vessels between the infected and uninfected groups or between IFN-γ -/-and WT mice.
We then tested whether lymphocytes are a major source of IFN-γ in the brains of infected mice and whether they play a role in T. brucei brucei penetration into the brain parenchyma. Increased accumulation of IFN-γ transcripts was observed in the brains of T. brucei brucei-infected WT mice, but not of T. brucei brucei-infected RAG-1 -/-mice lacking B and T cells ( Figure 5 ). Parasite clustering around vessels in the septal nuclei, hippocampi, and paraventricular thalamic nuclei was observed in brains of RAG1 -/-mice, similar to that observed in IFN-γ −/− and IFN-γR -/-mice. Also, the majority of the parasites were still located intravascularly at 19 and 20 days p.i. (see Figure 1B) , indicating that IFN-γ derived from lymphocytes is necessary for penetration of T. brucei brucei into the brain parenchyma. Moreover, there were reduced numbers of CD4 + and CD8 + cells in the brain parenchyma of the corpus callosum of IFN-γ -/-, IFN-γR -/-, and IL-12p40 -/-infected mice as compared to WT controls (Figure 6 ), suggesting that IFN-γ is involved in penetration of such cells into the brain parenchyma. In the WT controls, T cells were mainly observed in the parenchyma of the corpus callosum, whereas few T cells were detected in the cortex and septal nuclei. Thus, IFN-γ facilitates penetration of both T. brucei brucei and T cells from the blood vessels into the brain parenchyma.
Discussion
This study presents the first systematic effort to define the roles of basement membranes of the cerebral blood vessels and IFN-γ in the penetration of T. brucei brucei across the BBB. We demonstrate that laminin isoforms, IFN-γ, and lymphocytes are involved in determining the infiltration of T. brucei brucei into the brain parenchyma.
T. brucei brucei invasion of the brain was found to be confined to circumventricular organs at 6 days p.i., as described previously in mice and rats (2) , while penetration of the parenchyma commenced around 13 days after infection in WT mice. Similar to our observations in rats (3), parasite invasion occurred by the penetration of intracerebral vessels and not by the spread of parasites from the circumventricular organs through the cerebrospinal fluid, since few parasites were observed close to the ventricles. Furthermore, epithelial cells, including the choroid plexus epithelial cells, express the laminin α5 chain, which we have shown to be nonpermissive for T. brucei brucei transmigration out of cerebral vessels (23) .
Similar to the situation in murine toxoplasmic encephalitis (24) , where leukocyte recruitment into the brain parenchyma is reduced in the absence of IFN-γ, we found that the penetration of T cells across the BBB was reduced in IFN-γ -/-compared to WT mice. A most remarkable finding in our study was that the penetration across the BBB of both T cells and T. brucei brucei was impeded in the IFN-γ -/-mice, although these mice displayed higher parasitemia than WT controls. Invasion of T. brucei brucei was also inhibited in RAG-1 -/-mice, suggesting that B and/or T cells facilitate migration of T. brucei brucei into the brain and that innate immune cell-derived IFN-γ is not sufficient for T. brucei brucei penetration through the BBB. IFN-γ may have direct effects on T. brucei brucei (25, 26) . However, a similar pattern of T. brucei brucei neuroinvasion was observed in IFN-γ -/-and IFN-γR -/-mice, indicating that IFN-γ facilitates T. brucei brucei migration into the brain parenchyma by acting on the tissues of the host rather than by altering the phenotype of the parasites.
Interestingly, a marked accumulation of parasites surrounding the cerebral endothelial cells was observed in the septal nuclei, hippocampi, and paraventricular thalamic nuclei of IFN-γ -/-, IFN-γR -/-, and RAG-1 -/-mice. At early stages of murine EAE, lymphocytes accumulate between the two distinct basement membranes surrounding cerebral vessels -the endothelial and parenchymal basement membranes -which contain different laminin isoforms defined by specific laminin α chains (5). Endothelial basement membranes containing laminin α4 are permissive for T cell transmigration, while those containing laminin α5 are not (5) . In the present study, although parasites managed to cross the tight junctions and the endothelial basement membrane of the post-capillary venules in the septal nuclei, hippocampi, and paraventricular thalamic nuclei, they could not traverse the outer parenchymal basement membrane that acts as the border to the brain parenchyma. Since T. brucei brucei clustering was observed around laminin α4-containing vessels, but not around vessels showing robust laminin α5 immunostaining, T. brucei brucei may utilize mechanisms similarly to lymphocytes to invade the nervous system. Alternatively, lymphocytes could alter the structural integrity of the basement membranes in an IFN-γ-mediated way, allowing subsequent penetration by parasites.
IFN-γ can induce macrophage-and microglial cell-derived TNF-α and nitric oxide secretion (10) . In turn, TNF-α and NO activate matrix metalloproteinases (27, 28) that selectively cleave basement membrane components to facilitate migration of leukocytes into the brain (29) (30) (31) (32) . A similar mechanism may operate for migration of T. brucei brucei across the BBB. In support of this hypothesis, it has been reported that IFN-γ -/-mice express low levels of NO and TNF-α (18, 33) . In addition, IFN-γ can induce chemokines (in astrocytes, macrophages, and microglial cells), which are involved in leukocyte recruitment into the brain (24, 34) .
In conclusion, we have shown that, similar to its role in lymphocyte invasion of the nervous system, the composition of the basement membranes of the intracerebral vessels plays a decisive role in determining the sites of T. brucei brucei penetration into the brain. We also demonstrated that the parasite penetration through the parenchymal basement membrane can be facilitated by IFN-γ. IFN-γ can thus be involved, on the one hand, in stimulating the immunological control of the infection, while on the other hand, it can have a paradoxical effect of promoting T. brucei brucei penetration through the BBB and invasion of the brain parenchyma. These findings could be of relevance for a better staging of the disease through identification of biomarkers induced by IFN-γ during T. brucei brucei penetration into the brain and also for development of treatment strategies aimed at inhibiting parasite penetration across the BBB, which would supplement the slow-acting drugs that are currently used to clear the systemic infection.
Methods
Mice, parasites, and infection. Mice deficient in IFN-γ (35), IFN-γR (36), IL-12p40 (37), or RAG-1 (38) were generated by homologous recombination in embryonic stem cells. All mouse strains were back-crossed for 9 generations with C57BL/6, and C57BL/6 mice were used as controls. All experiments were conducted following protocols that received institutional approval and authorization by the local animal ethical committee (Stockholms Norra Djurförsöksetiska Nämnd, project N362/02). Efforts were made to minimize the numbers and suffering of animals used. Mice were supplied by the breeding unit at the Microbiology and Tumour Biology Center, Karolinska Institutet, Sweden, and were kept with food and water ad libitum under specific pathogen-free conditions.
Mice (8-12 weeks old) were infected by intraperitoneal injection with 2,000 parasites of a pleomorphic stabilate of T. brucei brucei, AnTat 1:1E, derived from stabilate EATRO 1125 (1 × 3 day passage in CB57 mice; obtained from N. van Meirveinne, Laboratory of Serology, Institute of Tropical Medicine "Prince Leopold", Antwerp, Belgium). Parasites were diluted in 60 mM PBS containing 40 mM glucose. Animals were checked and weighed daily for signs of disease. Blood samples were taken from the tip of the tail during the course of infection to assess parasitemia using the Herbet and Lumsden chart (39) .
Immunohistochemical technique. Brains were dissected at different times after infection, and brain sections were analyzed by immunohistochemistry. Briefly, frontal serial sections (14 μm thick) were cut on a cryostat and thaw-mounted on chrome-alum gelatincoated slides. Sections were collected from the level of the lateral ventricles containing the choroid plexus and the septal nuclei. In addition, brains from IFN-γ -/-, IFN-γR -/-, and RAG-1 -/-mice were examined at different levels throughout the rostrocaudal axis of the brain. Prior to immunohistochemical processing, the sections were fixed in 4% formalin and 0.17% picric acid in PBS for 30 seconds at 4°C, rinsed in PBS, fixed in acetone for 30 seconds at -20°C, and then rinsed in PBS. All sections were preincubated with 1% bovine serum albumin and 0.3% Triton X-100 in PBS (all primary and secondary antisera were diluted in this solution) for 1 hour at room temperature. One section per slide, from each animal, was then incubated with a mixture of rabbit polyclonal anti-variant surface glycoprotein (anti-VSG) of the AnTat 1:1E stabilate (1:5,000) and goat polyclonal anti-GLUT-1 (1:40; Santa Cruz Biotechnology) antisera for 24-48 hours at 4°C. Sections were then rinsed in PBS and incubated with a mixture of donkey anti-rabbit IgG conjugated to Rhodamine Red (1:200; Jackson Immuno Research) and donkey anti-goat IgG conjugated to Alexa 488 (1:100; Invitrogen Corp.) for 60 minutes at room temperature. The sections were rinsed and mounted in glycerol mixed with 2.5% diazabicyclanooctane (Sigma-Aldrich). Additional sections from the IFN-γ -/-and IFN-γR -/-mice were incubated with a mixture of anti-VSG and either monoclonal rat anti-mouse laminin β1 (1:1; clone 3A4) (5) or rat antimouse laminin γ1 (supernatant; clone 3E10) (5). Alternating sections from IFN-γ -/-mice were further incubated with a mixture of anti-VSG and rat anti-mouse laminin α4 (1:300; serum 341) (40) , rat anti-mouse laminin α5 (supernatant; clone 4G6) (41), or rat anti-mouse laminin α1 (1:500; clone 198) (42) . Sections were then processed as described above and incubated with a mixture of donkey anti-rabbit IgG conjugated to Rhodamine Red and donkey anti-rat IgG conjugated to Cy2 (1:100; Jackson Immuno Labs). Another set of sections from uninfected and infected WT and IFN-γ -/-mice were incubated with rat anti-mouse laminin α4 and α5. Donkey anti-rat IgG conjugated to Rhodamine Red was used as a secondary antibody.
To examine the migration of leukocytes into the brain parenchyma, sections from WT, IFN-γ -/-, IFN-γR -/-, and IL-12p40 -/-mice were incubated with a mixture of goat anti-GLUT-1 combined with either rat antimouse CD4 + (1:200; BD Biosciences -Pharmingen) or CD8 + (1:200; BD Biosciences -Pharmingen). As secondary antibodies, a mixture of donkey anti-goat IgG conjugated to Cy2 and donkey anti-rat IgG (adsorbed against mouse IgG) conjugated to Rhodamine Red was used.
Sections were examined and analyzed using a Nikon Corp. fluorescence microscope. Photomicrographs were taken with a Carl Zeiss Vision AxioCam digital camera.
Quantitative evaluations. We counted the number of VSG-immunopositive T. brucei brucei in 5 ocular fields (viewed through a ×10 ocular, ×20 objective) from the cortex and corpus callosum on either side of the midline, as well as in 4 fields from the septal nuclei in 4 animals from each p.i. time point. The parasites were divided into two groups according to their relationship with the vessels: intravascular or extravascular. CD4 + and CD8 + T cells were counted in a similar manner to that described for the parasites.
Real-time RT-PCR. IFN-γ and cyclophilin transcripts were quantified in brains from WT and RAG-1 -/-uninfected and infected mice by real-time RT-PCR. Total RNA was extracted from half of the fresh frozen brains using the RNeasy Kit (Qiagen GmbH). Subsequently, 500 ng of total RNA was treated with 1 U DNase I (Invitrogen Corp.) for 15 minutes at room temperature and inactivated by the addition of 2.5 mM EDTA followed by incubation at 65°C for 10 minutes. cDNA synthesis of 500 ng RNA was completed in a 40-μl reaction containing 100 U of Superscript II RNse H -reverse transcriptase, 150 ng of random hexenucleotides, first strand buffer (1:5), 10 mM DTT, and 0.5 mM dNTPs (all from Invitrogen Corp.) for 1 hour at 42°C before inactivation at 70°C for 15 minutes.
The real-time PCR was performed in three 25-μl reactions containing Platinum SYBR Green qPCR Supermix-UDG (1:2; Invitrogen Corp.), 125 nM of forward and reverse primers, and 1 μl of cDNA on an ABI Prism 7000 sequence detection system (Applied Biosystems). The following primer sequences were used: sense IFN-γ, 5′-ACAATGAACGCTACA-CACTGCAT-3′; antisense IFN-γ, 5′-TGGCAGTAACAGCCAGAAACA-3′; sense cyclophilin, 5′-GCTTTTCGCCGCTTGCT-3′; and antisense cyclophilin, 5′-CTCGTCATCGGCCGTGAT-3′. 10-fold dilutions of a cDNA sample were amplified to control amplification efficiency for each primer pair. Thereafter, the Ct values for all cDNA samples were obtained. The amount of transcripts of individual samples (n = 4 per group) was normalized to cyclophilin (ΔCt). The relative amount of IFN-γ transcripts was calculated using the 2 -ΔΔCt method as previously described (43) . These values were then used to calculate the mean and standard error of the relative expression of IFN-γ mRNA in the brain of uninfected and infected mice.
Figure 6
Histogram showing the numbers of CD4 + and CD8 + T cells in the parenchyma of the corpus callosum of the different groups of animals (WT, IFN-γ -/-, IFN-γR -/-, and IL-12p40 -/-mice) at 20 days p.i. Each bar represents the mean ± SEM of the values obtained from 4 animals. Statistically significant differences in comparison to B6 WT mice: *P < 0.05 (oneway ANOVA followed by Newman-Keuls multiple comparison test).
